An integrated picture of hydration shell dynamics and of its coupling to functional macromolecular motions is proposed from studies on a soluble protein, on a membrane protein in its natural lipid environment, and on the intracellular environment in bacteria and red blood cells. Water dynamics in multimolar salt solutions was also examined, in the context of the very slow water component previously discovered in the cytoplasm of extreme halophilic archaea. The data were obtained from neutron scattering by using deuterium labelling to focus on the dynamics of different parts of the complex systems examined. 
Introduction
Understanding the dynamic state of water in biological systems and its influence on macromolecular activity is a major scientific challenge. The huge diversity displayed by living organisms is based on a few unifying principles. All water molecules, so that each and every water molecule has at least one ion as one of its nearest neighbours, leading to significantly reduced water activity. The existence of extreme halophiles proves that Life has adapted to reduced water activity, but there is no evidence that water can be done away with altogether in biological activity.
In this paper, we present and discuss results on water dynamics in different biological systems, and on the coupling between biological activity and the environment around macromolecules: water in the case of soluble proteins, water and lipids in the case of membrane proteins.
Neutron scattering is a particularly suited experimental technique to probe water dynamics under different conditions. Slow neutrons scatter off bound protons exchanging energy in the thermal range corresponding to the picosecond-nanosecond (ps-ns) time-scale, and momentum corresponding to the 0.1 nm length-scale. Energy resolved incoherent neutron scattering, especially in the elastic (EINS) and quasielastic (QENS) scattering modes, have been informing us on water dynamics under different conditions for decades. Because the method relies on incoherent scattering, samples need not be crystalline or even monodisperse and measurements can be performed on highly complex systems such as living cells 2 or stacks of natural membranes 3 . The incoherent neutron scattering cross section of hydrogen is more than an order of magnitude larger than that of other atomic nuclei usually found in biological material and their isotopes, including deuterium, and the development of in vivo specific deuterium labelling methods permitted the focus on water dynamics in complex biological samples, and its coupling with biological function and activity.
While a consensus has emerged that water molecules close to protein surfaces are dynamically slowed down with respect to bulk water molecules, quantitative aspects and the mechanisms involved remain the objectives of active research (reviewed by Ball 4 ). Reports on the dynamics of water molecules close to protein surfaces measured by neutron spectroscopy were presented at a previous Faraday Discussion 5, 6 . The factors found for the slowing down of the diffusion coefficient of hydration water compared to bulk water varied between 2 and 100, depending on the protein, temperature and hydration conditions. Bon et al. 7 studied hydration water in lysozyme crystals by QENS. They distinguished two water populations, denoted as "first" and "second" hydration shells, with diffusion coefficients slowed down by a factor of 10 and 50 compared to bulk water, respectively. By combining EINS data from two spectrometers, Gabel and Bellissent-Funel 8 reported diffusion coefficients of deuterated C-Phycocyanin hydration water, in the presence of trehalose molecules, which are slowed down by a factor of 10-15 with respect to bulk water. As has been pointed out, however, in Gabel et al. 9 and by Gabel and Hydration water is an integral and essential part of a protein structure. Without it the macromolecule would not be folded correctly. It is essential for the protein to fulfil its biological function. Devoid of hydration water, proteins are inactive 10 and lack essential motions, thus implicitly suggesting a close relationship between protein and hydration water dynamics. The term 'slaving' has been used to express that water can impose its dynamical fingerprint on a protein 11, 12 . Cryo-temperature dependent neutron scattering experiments revealed the solvent dependence of dynamical transitions in soluble proteins [13] [14] [15] [16] [17] [18] [19] [20] [21] and in RNA 22 and provided insights into the coupling between them. Molecular dynamics simulations suggested the onset of water translational diffusion to be at the origin of the dynamical transition 23, 24 . In contrast, however, the onset of hydration water translational diffusion at 200 K, in a membrane, was not observed to trigger a dynamical transition in the membrane protein 25, 26 , suggesting a more complex interaction between protein, water, and the membrane lipid environment. Recent neutron scattering studies, using specific deuterium labelling, confirmed that a dynamical transition coincides with the onset of hydration water translational diffusion, in the case of a soluble proteins 27 , but not in the case of a membrane protein 3, 28 .
By using specific deuteration and samples with controlled hydration, water dynamics was measured directly by neutron scattering in the hydration shell around a soluble protein, and a natural membrane and correlated with macromolecular dynamics, as well as in situ in prokaryotic and red blood cells. . In another set of experiments, the dynamic coupling between membrane protein and lipids was observed by applying in vivo deuterium labelling and in vitro reconstitution of PM. The samples allowed the observation of the lipid and protein dynamics, separately.
In vivo neutron scattering measurements in the cytoplasm of deuterated prokaryotic organisms revealed very different water dynamics behaviour in bacteria and extreme halophilic archaea. In order to examine the effect of the high salt environment within halophilic archaea, water dynamics was measured in saturated KCl and NaCl solutions. Water dynamics inside red blood cells (RBC), which contain mainly the equivalent of a 300 mg/ml solution of hemoglobin, was also measured.
The joint analysis of the results allowed us to propose a coherent view of water dynamics in the hydration shell, the lipid environment of a membrane protein, and the intracellular milieu in various cell types, as well as of the dynamic coupling between biological activity and environment.
Materials and Methods
Samples. The expression and purification of deuterated and natural abundance MBP has been described before 27 . For neutron scattering experiments, powders of deuterated and natural abundance MBP were hydrated to a level of 0.4 g water / g
MBP in H 2 O and D 2 O, respectively (for details see Wood et al. 27 ).
PM was extracted from natural abundance or fully deuterated cultures of H.
salinarum as described before 31, 32 . The experiments were performed on membrane- .
Deuterated E. coli (BLE21(DE3) strain) were cultivated as described previously 35 .
Cell pellets containing H 2 O or D 2 O buffer were prepared in such a way as to reduce strongly the quantity of extracellular water in the sample, which was found to represent less than 7 % of the total water (see Jasnin et al. 35 
for details).
Deuterated H. marismortui cells were grown at 37°C to an optical density of 0. 38, 39 . Elastic scans for proteins and membranes usually show a break in slope at about 200 K, which has been interpreted as a dynamical transition from a harmonic low temperature regime to an anharmonic regime that has been modelled, for example, by a double-well free energy potential 15 .
In a quasi-harmonic approximation, the dynamical transition is associated with a significant decrease in resilience.
An exhaustive description of quasielastic incoherent neutron scattering (QENS) can be found in Bée 40 . QENS is measured as a function of both energy transfer and scattering vector, Q. On the energy scale, the elastic scattering appears as a peak centered on zero energy transfer whose width corresponds to the spectrometer resolution. The QENS appears as a significantly broader peak, also centered on zero energy transfer. The shape of the QENS peak and its Q variation contain information on the time and geometry associated with the motion of the scattering particle. In the case of simple exponential diffusion processes, the QENS spectra can be fitted mathematically by Lorentzian functions. By applying various models such as the jump diffusion, Singwi-Sjölander and Sears models (see Bée 40 for details), to fit the Lorentzian width as a function of Q, it is possible to calculate rotational relaxation and correlation times, translational residence time, and translational and rotational diffusion coefficients for the scattering particle. Figure   1A , are similar up to 220 K, at which temperature they both exhibit a transition 27 .
Results

Hydration
Above 220 K, the water MSD are above those of the protein. It can be concluded that the presence of high salt concentrations in the cytoplasm of extreme halophilic archaea, multimolar NaCl and KCl, is not responsible by itself for the very slow water component observed by Tehei et al. 36 .
Discussion
The hydration shell is vital to a macromolecule's biological activity. Without hydration water, proteins would lack not only their correctly folded structure but also the conformational flexibility that brings them to life and allows their biological activity. Consequently, protein and hydration water dynamics are supposed to be ). In the case of PM, however, the hydration water and membrane transitions were found to be separated by as much as 60 K ( Figure 1B ). The onset of water translational motion in the first 3, 28 and second 25, 26 At the intracellular level, the studies on E. coli and RBC revealed that water dynamics is similar to the dynamics of water in the bulk state ( Figure 4D ). Our studies contributed to dismantle the concept that the cell somehow 'tames' water by modifying its dynamics compared to bulk water 58 . They confirmed the importance of hydration degree for water dynamics in confined geometries; in deuterated Cphycocyanin, for example, increasing water mobility had already been observed when hydration coverage reached one water layer 59 . The first macromolecular hydration layer accounts for about 0.4 to 0.5 g of water per g of macromolecule.
Macromolecular concentrations in E. coli and RBC correspond to about 300 to 400 mg/ml, i.e. to four to six water layers around macromolecular surfaces. The analysis established that because of the relatively high hydration level and resulting low water confinement, intracellular water forms a network of communication that is as fluid as bulk water. In both E. coli and RBC, however, residence times were found to be increased by a factor of 2 and 5, respectively, suggesting that water molecules spend longer times in the first hydration shell of macromolecular structures than in the bulk phase. , which were used to extract the apparent diffusion coefficients. 
